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Voltage Preconditioning Allows Modulated Gene 
Expression in Neurons Using PEI-complexed siRNA 

Arati Sridharan, Chetan Patel and Jit Muthuswamy 

We present here a high efficiency, high viability siRNA-delivery method using a voltage-controlled chemical transfection strategy 
to achieve modulated delivery of polyethylenimine (PEI) complexed with siRNA in an in vitro culture of neuro2A cells and neurons. 
Low voltage pulses were applied to adherent cells before the administration of PEI-siRNA complexes. Live assays of neuro2a 
cells transfected with fluorescently tagged siRNA showed an increase in transfection efficiency from 62 ± 14% to 98 ± 3.8% (after 
-1 V). In primary hippocampal neurons, transfection efficiencies were increased from 30 ± 18% to 76 ± 18% (after -1 V). Negligible 
or low-level transfection was observed after preconditioning at higher voltages, suggesting an inverse relationship with applied 
voltage. Experiments with propidium iodide ruled out the role of electroporation in the transfection of siRNAs suggesting an 
alternate electro-endocytotic mechanism. In addition, image analysis of preconditioned and transfected cells demonstrates 
siRNA uptake and loading that is tuned to preconditioning voltage levels. There is approximately a fourfold increase in siRNA 
loading after preconditioning at -1 V compared with the same at ±2-3 V. Modulated gene expression is demonstrated in a 
functional knockdown of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in neuro2A cells using siRNA. Cell density and 
dendritic morphological changes are also demonstrated in modulated knockdown of brain derived neurotrophic factor (BDNF) 
in primary hippocampal neurons. The method reported here has potential applications in the development of high-throughput 
screening systems for large libraries of siRNA molecules involving difficult-to-transfect cells like neurons. 
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Introduction 

We present here a novel method for voltage-controlled delivery 
of siRNA to neuro2a cells and primary hippocampal neurons 
that is tuned to the level of preconditioning voltage applied to 
the cells. Non-viral transfection methods are increasingly used 
in both in vitro and in vivo systems for siRNA delivery. 1 How- 
ever, they have mixed results in difficult-to-transfect cells such 
as murine neuroblastoma cells of the neuro2a cell line and 
primary neuronal cells, where chemical transfection typically 
yields 3-30% efficiency. 2-4 This is in part due to cell size, varia- 
tions in cell shape, and stage in the cell cycle. 5 Although mul- 
tiple alternate transfection systems have made major strides, 
all have significant trade-off issues between transfection effi- 
ciency and viability. 6 As neuro2a cells are used in current high- 
throughput assays for molecular therapy, methods to improve 
and control the transfection efficiency, especially under small 
sample size conditions, have tremendous potential. 

Polyplex nanoparticle vectors like polyethylenimine (PEI) 
are widely used as transfection agents and have shown sig- 
nificant promise in vivo. 78 Typical polymer based transfection 
efficiencies of 15-20% have been reported for siRNA deliv- 
ery. 9 With chemical modifications the efficiencies can increase 
to 60-80%. 1CM2 Recent studies have reported optimized effi- 
ciencies of upto 60-80% using PEI (branched 25 kDa) and 
Lipofectamine 2000 for siRNA delivery in neuro2a. 8 Although 
alternate nanoparticle carrier systems like gold, metal hydrox- 
ide, and double layer hydroxide based nanoparticle carriers 
have reported high efficiencies for siRNA in cortical neurons, 
inconsistencies in transfection efficiency (6-80%) among 



samples persist. 1314 In addition to biological variability, high 
variability of siRNA based silencing between individual or 
small populations of cells still remains a significant issue when 
using chemical transfection agents. 15-17 PEI-based systems, 
similar to other commercial agents, use cationic polymers to 
form nanoparticle complexes (-80-150 nm) with siRNA. 18 PEI/ 
siRNA nanocomplexes bind to the membrane via electrostatic 
interactions and rely on multiple, natural, endocytotic path- 
ways for internalization into the cell. 19 Branched PEI (i.e., 25 
kDa)-based systems are hypothesized to be highly effective 
because of their ability to escape the endosomal pathway via 
the proton "sponge" effect. 20-22 The reliance on a passive, elec- 
trostatic interaction to facilitate transfection often requires high 
confluency (>70% for neuro2a) and long incubation times (upto 
5 hours) without the presence of serum. This increases the 
susceptibility to cell death and significant perturbations in cell 
homeostasis, leading to variability in gene silencing. This effect 
may be compounded when evaluating small cell populations in 
high-throughput systems. As we move into the next generation 
of transfection methodology for high-throughput platforms, it is 
critical to achieve consistent, high transfection efficiency while 
preserving cell viability in small samples of cell populations. 

In this study, a voltage-controlled, PEI-based transfection 
method with high efficiency is presented where the uptake 
is tuned to the level of preconditioning voltage. The major- 
ity of electric field-assisted transfection reported in the past 
involves electroporation, where high electric field intensities 
(0.5-10 kV/cm) are applied to reversibly permeabilize the 
membrane and allow naked siRNA or DNA into the cell. Large- 
scale, high-voltage electroporation typically yields 20-30% 
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efficiency with a large decrease in viability. 2324 With optimiza- 
tion of high-voltage pulse regimen and proprietary electropor- 
ation buffers, >95% transfection efficiency in primary neurons 
has been demonstrated by individual groups. 23 A recent opti- 
mization study of electroporation parameters reported high 
siRNA transfection efficiencies upto 75% in vitro 25 tor neuro2a 
cells. Also, low voltage methods like microscale electropora- 
tion allow for rapid, localized, site-specific delivery for small 
sample sizes while preserving viabilities of 82% in adher- 
ent cells in vitro. 626 ' 30 Nanochannel electroporation-based 
systems have also been shown to achieve high transfection 
efficiencies in Jurkat cells with a 10-12% variation in dos- 
ing levels, though currently, it remains a labor-intensive and 
low-throughput process requiring precise alignment of non- 
adherent cells and the nanochannels. 31 Previous literature on 
combining electroporation with chemical transfection show 
detrimental effects on the transfection efficiency when com- 
pared with either method alone. 3233 However, enhancement 
in transfection efficiency has been observed in other electric 
field-assisted methods where low voltage dc or pulse trains of 
voltages (-300 V/cm) or currents (<500 uA) are used to elec- 
trophoretically guide nanoparticle-loaded siRNA in vivo. 3435 
The above method has shown improvements in viability 
and transfection efficiency via electrophoretic coupling. 36-38 
Therefore, electric field-assisted methods, in general, are 
characterized by advantages such as their ability to achieve 
transfection in targeted cells and rapid delivery protocol. In 
this report, we take advantage of the tunability of electric 
field-based systems to develop a hybrid transfection method 
that is a distinct alternative to both electroporation and elec- 
trophoretic coupling based methods reported above. 

In this report, we use extremely low voltage pulse trains 
(<3 V/mm or 30 V/cm) to precondition adherent neuro2a cells 
and primary hippocampal neurons before their exposure to 
PEI-siRNA complexes and demonstrate successful voltage- 
controlled modulation of the uptake of these complexes by 
the cells. A high transfection efficiency (-90% and -76% 
for neuro2a and primary neurons respectively) at -1 V and 
low transfection efficiencies at higher voltages (>2 V) were 
observed. For the sake of clarity, we measure siRNA "uptake" 
in the cells by the fraction of the pixels inside the cell that 
are fluorescent (due to the Alexa-555 conjugated siRNA). We 
measure siRNA "loading" in the cells by the mean pixel inten- 
sity weighted by the fraction of pixels at each intensity level 
inside the cell. Therefore, the siRNA uptake metric quanti- 
tatively reflects the spatial spread of siRNA within the cell 
and siRNA loading metric quantitatively captures both the 
spatial spread and dosage of siRNA within the cell. siRNA 
loading in cells increased approximately threefold between 
the low and high voltages. Analysis of individual cells at differ- 
ent preconditioning voltages suggested lower siRNA loading 
in the intracellular space at high voltages. Finally, functional 
silencing was demonstrated using glyceraldehyde 3-phos- 
phate dehydrogenase (GAPDH) siRNA in neuro2a cells and 
brain derived neurotrophic factor (BDNF) siRNA in primary 
hippocampal neurons that was correlated to the level of pre- 
conditioning voltage applied. Consistent, rapid, and efficient 
delivery of siRNAs using the reported technique in difficult-to- 
transfect cells has significant applications in high-throughput 
technologies. 
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Figure 1 Voltage-modulated transfection of neuro2a cells with 
Alexa-555 conjugated negative control siRNA (Invitrogen). A 

standard live assay with calcein AM was conducted on transfected 
neuro2a cells preconditioned with different voltages. Transfection 
efficiencies were 62 ± 14% (0 V), 98 ± 3.8% (-1 V), and 37 ± 7.5% 
(+3 V).The distribution of fluorescent intensities after preconditioning 
with -1 V was more uniform throughout the cell compared with 
those at 0 or 3 V, suggesting higher cellular uptake at -1 V. Scale 
bar represents 50 urn. 



Results 

Transfection efficiencies of PEI-siRNA complexes with 
voltage preconditioning 

Fluorescently tagged siRNA were complexed with PEI and 
administered to neuro2a cells that were preconditioned at 
different voltages. A live cell assay was performed on trans- 
fected cells 8 hours after the application and removal of 0 
V, -1 V, and +3 V (Figure 1). Under no voltage conditions 
(0 V), siRNA transfection efficiencies were 62 ± 14% in live 
cells. There was a significant increase in siRNA transfection 
efficiencies to 98 ± 3.8% after the application and removal 
of -1 V. After preconditioning the cells at 3 V, 37 ± 7.5% of 
the live cells were visibly transfected, however with much 
less fluorescent intensity in the transfected cells compared 
with those after preconditioning at -1 V. Similar modulation 
trends were also observed in siRNA uptake in primary hip- 
pocampal neurons. In primary hippocampal neurons (DIV4) 
transfection efficiency with PEI/siRNA complexes were 76 ± 
10% assessed 18 hours after preconditioning with -1 V com- 
pared with 30 ± 18% with no preconditioning (0 V) as shown 
in Figure 2. Virtually no fluorescently tagged siRNA was 
observed to enter neurons preconditioned at +3 V. Images of 
primary neurons that were preconditioned showed no differ- 
ence in morphology compared with the non-preconditioned 
neurons. Morphologically, Figure 2a and Figure 2b show the 
live assay and fluorescently tagged scrambled siRNA uptake 
respectively. Figure 2c shows a close up of overlapped live 
and red images of transfected neurons. 
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Figure 2 Voltage-controlled transfection of primary hippocampal neurons with Alexa-555 conjugated negative control siRNA 
(Invitrogen). (a) A standard live assay with calcein AM (Anaspec) was performed on siRNA transfected primary neurons (b) derived from 
E18 mice (Brainbits, LLC) preconditioned at different voltages at DIV 4 (days in vitro), (c) Closeup of primary neuronal cell bodies using 
overlapping live and red fluorescent images showed more transfection in -1 V preconditioned cells compared with 0 V or +3 V. Circled areas 
show transfected red dots within cells. In the -1 V image, evidence of transfection within neurites was indicated with arrows, (d) Transfection 
efficiencies were 30 ± 18% (n = 125 cells), 76 ± 10% (n = 59 cells), and 3 ± 3% (n = 67 cells) after preconditioning at 0, -1 , and 3 V, 
respectively. Efficiencies were assessed over n = 4 overlapped images for calcein AM (live assay) and Alexa-555 conjugated siRNA for each 
preconditioning voltage using ImageJ software. Scale bar represents 50 urn. ^Significance was assessed using Student's f-test corrected for 
multiple comparisons using Bonferroni criterion (P< 0.003). 



In separate experiments, fluorescently tagged siRNA were 
loaded in PEI complexes, transfected into neuro2a cells at 
different pulse widths, and were subsequently imaged using 
DAPI nuclear stain (Supplementary Figure S1). Transfec- 
tion efficiencies (computed using total cell counts obtained 
from DAPI) at 10 ms pulse width at different voltages were 
found to be comparable with those at corresponding voltages 
determined using the live assay in the earlier experiments 
(also with 10 ms pulse width; as shown in Figure 3). Trans- 
fection efficiencies were significantly lower (-29-33%) after 
preconditioning the cells with voltage pulses at +3 V and dif- 
ferent pulse widths compared with 0 V (-61%). Conversely, 
after preconditioning at -1 V, the transfection efficiencies 
were marginally lower (76 ± 9.9%) at a pulse width of 1 ms 
compared with efficiencies of 90 ± 4.9% for a pulse width of 
10 ms and 95 ± 4.5% for a pulse width of 100 ms. No signifi- 
cant changes in transfection efficiencies were observed after 
the application and removal of +3 V at different pulse widths 
(1-100 ms). 

Modulated siRNA uptake within individual cells 

In cells that were successfully transfected, there were varia- 
tions in the level of siRNA uptake as indicated by pixel intensity 
distributions within individual cells (Supplementary Figure 
S2). The distribution of pixel intensities for 20 randomly picked 
cells for the case of PEI only transfection conditions (corre- 
sponding to 0 V controls) has lower median and interquartile 
distance than those after -0.5 V or -1 V preconditioning volt- 
ages. Similarly, cells preconditioned with ±2-3 V had lower 
median values and a narrower distribution of pixel intensities 
than those cells preconditioned between ±1 V. The presence 
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Figure 3 Comparison of transfection efficiencies of Alexa- 
555 conjugated control siRNA in neuro2a cells after different 
pulse widths (1, 10, and 100 ms) for the preconditioning 
voltage. Transfection efficiency was assessed using superimposed 
images of neuro2a cells using ImageJ with DAPI nuclear stain 
and transfected siRNA. Transfection efficiencies were calculated 
based on the ratio of cells with fluorescently tagged siRNA to 
total nuclei present in n = 4 images after 0 (no voltage), -1 , and 
+3 V voltage preconditioning. Transfection efficiencies at 0 V 
were variable (61 ± 24%). At -1 V, transfection efficiencies were 
76 ± 9.9% (1 ms pulse width), 90 ± 4.9% (10 ms pulse width), and 
95 ± 4.5% (100 ms pulse width). At +3 V, transfection efficiencies 
were 29 ±11% (1 ms pulse width), 30 ± 7.6% (10 ms pulse width), 
and 33 ± 16% (100 ms pulse width). *Significance was assessed 
using Student's Mest between 0 and -1 V and 0 and +3 V (post- 
hoc Bonferroni corrected P< 0.006). Two-way analysis of variance 
(ANOVA) used to assess significance between -1 and +3 V at all 
pulse widths (P< 0.001). 
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Figure 4 Representative single cell comparison of fluorescent intensity distributions of voltage-modulated transfection of Alexa-555 
conjugated control siRNAin neuro2a cells at 10 ms pulse width. Individual cells (based on the nuclei-stained images in Supplementary 

Figure S1 ) were evaluated for the distribution of red pixels after preconditioning at 0 V (left), -1 V (middle), and +3 V (right) and transfection of 
Alexa-555 conjugated control siRNA. Pixel intensity information was derived from ImageJ and assessed for siRNA loading. Cells treated with 
-1 V had more loading overall compared with transfected cells in +3 V. Insets show representative cells with siRNA transfection. 



of pixels with high intensities is indicative of higher density of 
siRNA in a given space within a cell. The intracellular, spa- 
tial distribution of siRNA in live cells was more uniform after 
preconditioning with -1 V compared with the spatial distribu- 
tion in cells preconditioned at other voltages (Figure 1). Cells 
preconditioned with +3 V had distinguishable, intense spots 
of fluorescence inside the cell suggesting isolated, localized 
endocytosis of siRNA with much lower siRNA uptake com- 
pared with transfected cells after preconditioning with -1 V. 
The fluorescent siRNA intensity distribution of representative 
transfected cells from Supplementary Figure S1 at each 
voltage level (10 ms pulse width) was individually analyzed 
as surface plots (Figure 4). As fluorescently tagged, negative 
control siRNA cannot enter the nucleus, the fluorescent inten- 
sity distribution was mainly located in the cytosol surrounding 
the nucleus. The relative change in pixel intensity from the 
center of the cell to the outer edge was -132 ± 16 relative 



fluorescence units after preconditioning at -1 V, 73 ± 13 rela- 
tive fluorescence units for 0 V, and negligible variation at +3 V. 
For the cells preconditioned with +3 V, non-uniform distribu- 
tion of siRNA was observed with small highly intense, con- 
centrated pixels that were 80-88 relative fluorescence units in 
the first two representative cells and 218 relative fluorescence 
units in the third cell in Figure 4. There was asymmetry in the 
distribution of siRNA around the nucleus. Fluorescent siRNA 
were found to coalesce closer in proximity to the nucleus 
regardless of the cell morphology (data not shown). 

Figure 5a shows the variability in siRNA uptake (repre- 
sented by the number of fluorescent pixels within each cell) 
in 20 different cells (raw data in Figure 5b) for each pre- 
conditioning voltage. The level of siRNA uptake within each 
cell was measured simply as the proportion of fluorescent 
pixels with intensities above background (determined using 
methods described in the image analysis section) to the total 



Molecular Therapy-Nucleic Acids 



Controlled siRIMA Delivery in Neurons 

Sridharan et a/. 






20 




16 




12 




8 




4 




0 


jD 
CO 


C 


Q. 
=3 


20 


RNA 


16 
12 


m 
o 


8 


o> 


4 


1 


0 



CD 


20 


CC 


16 


_co 


12 


a> 
o 


8 


o 


4 


CD 
X! 


0 


E 




=3 










20 




16 
12 




8 




4 




0 




0.2 



0.4 



0.6 



0.8 



+3V 



Level of siRNA uptake 



-3V 



-2V 



-0.5 V 



0V 



























• 


• 


1 

- 


• 


• V 

V?: 








BBS 












• 














• 












LL 










• • •* 


■ . 






i \ 




-* 




□" 














4 


r> 


















□ 






o 






















r | 








i 






















■ 










\ 





















































• 













Figure 5 Modulated levels of siRNA uptake in neuro2a cells, (a) Using image analysis, the level of siRNA uptake in n = 20 cells for each 
preconditioning voltage was determined by the proportion of the number of red pixels (after background subtraction) for each cell normalized 
to the total number of pixels for an individual cell. The distribution of number of cells against the level of siRNA uptake (measured over a range 
of 0-1 and represented on the x-axis) was plotted for each preconditioning voltage (±3 V). siRNA uptake in cells with no preconditioning (0 V) 
were significantly lower compared with siRNA uptake at -1 V. siRNA uptake decreased from peak levels at -1 V to marginal levels at ±2-3 V. 
siRNA uptake after -1 to +1 V preconditioning was significantly different from those after +2 to 3 V (P< 0.0001). Significance was assessed 
using Student's f-test. (b) Cells (n = 20) from each preconditioning voltage were randomly selected and pooled for quantitative assessment 
of siRNA uptake. 



number of pixels. Low fluorescent pixel count correspond 
to low siRNA uptake and high fluorescent pixel count cor- 
respond to high siRNA uptake. The level of siRNA uptake 
within a majority of the transfected cells was higher when 
preconditioned at -1 V than at 0 V (no preconditioning). 
Among the cells preconditioned at -1 V, some of the cells 
had approximately 90% siRNA uptake likely due to variations 
in cell cycle involving varying degrees of breakdown in the 
nuclear membrane, allowing for fluorescently tagged siRNA 
to distribute over a larger spatial area. In addition, the level 



of siRNA uptake within a majority of the transfected cells 
decreased as preconditioning voltages was increased from 
-1 V to +3 V. For preconditioning voltages of -2 V and -3 
V, a dramatic decrease in siRNA uptake is observed. Large 
variations in siRNA uptake among individual cells is seen at 0 
V (no preconditioning) with 40% of the measured cells show- 
ing only marginal siRNA uptake. Nevertheless, a trend of 
voltage-modulated siRNA uptake is observed despite mod- 
erate variations in siRNA uptake among preconditioned and 
transfected cells. 
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Figure 6 Quantification of siRNA loading after different preconditioning voltages in neuro2a cells, (a) Cells were preconditioned with 
different voltages at 1 0 ms pulse width and a sample of n = 20 cells pooled from multiple images were assessed for siRNA uptake (represented 
by the number of red fluorescent pixels within each cell) using MATLAB image processing toolbox, (b) Mean fluorescent signal intensity 
(calculated as the pixel intensity weighted by the fraction of pixels at each intensity above threshold) within each individual cell indicative of 
amount of siRNA loading is shown for each of the 20 cells after different preconditioning voltages. Preconditioning voltage-dependent siRNA 
loading is observed in individual cells, (c) A tuning curve of the average (±SD) of the mean pixel intensities in b (of n = 20 cells for each 
preconditioning voltage) for determining siRNA loading levels is shown for each preconditioning voltage. siRNA loading was highest after 
preconditioning at -1 V and lowest after preconditioning at ±2-3 V demonstrating an inverse relationship. *Statistically significant differences 
in the mean intensities were observed using Student's f-test between preconditioning at -1 V and preconditioning at (i) +1 V, (ii) ±2 V, and 
(iii) ± 3 V with P< 0.0006 (Bonferroni corrected for multiple comparisons), suggesting an optimal preconditioning voltage of -1 V for siRNA 
loading. Scale bar represents 100 urn. 



Determination of the optimal preconditioning voltage 
and level of modulated siRNA loading in cells 

To accurately quantify the level of siRNA loading (represented 
by both number of fluorescent pixels within each cell and their 
corresponding intensities), neuro2a cells were loaded with 
fluorescent siRNA using voltage preconditioning and imaged 
without additional contrast stains and analyzed for distribution 
of pixel intensities using MATLAB (Figure 6a). siRNA uptake 
and loading in cells were quantified for the voltage range of 
± 3 V (eight different voltage levels). The mean intensity of 
pixels within each cell weighted by the fraction of pixels at 
each intensity level within each cell that is above background 
for 20 randomly chosen cells from each voltage application 
(total 1 60 cells) suggests a voltage-dependent siRNA loading 
in cells (Figure 6b). The distribution of pixel intensities (above 
background) in each of the transfected cells for each precon- 
ditioning voltage tested is shown in Supplementary Figure 
S2a. The aggregate distribution of pixel intensities (above 
background) of all 20 cells at each of the eight precondition- 
ing voltages tested is shown in Supplementary Figure S2b. 
Finally, the distribution of pixel intensities in supplemental 
Figure 2b is used to calculate the mean intensity (plotted as 



mean ± SD of mean intensities of 20 cells) weighted by the 
number of pixels at each intensity (as a measure of siRNA 
loading in cells) and is plotted against the corresponding pre- 
conditioning voltage in Figure 6c. siRNA loading was -3-4 
times when cells are preconditioned with voltages between 
-1 V and 0 V compared with those preconditioned with 1 Vas 
shown in Figure 6c. It should be noted that even at voltages 
that inhibit transfection of PEI-siRNA complex (i.e., have trans- 
fection efficiencies lower than that of PEI only without pre- 
conditioning) there is some low level of siRNA loading above 
background as observed in the range of 1-3 V in Figure 6c. 
Therefore, voltage preconditioning of cells modulated siRNA 
loading within transfected cells with less loading occurring at 
high voltages (+3 V) and maximal loading occurring at -1 V 
suggesting a controllable voltage-dependent siRNA loading 
phenomenon for small populations of cells. 

Voltage-dependent functional silencing of GAPDH 

Using GAPDH siRNA, we were able to show a voltage-depen- 
dent functional silencing in neuro2a cells using the voltage- 
preconditioning method (Figure 7a). Immunocytochemistry of 
cells using antibodies against GAPDH shows partial silencing 
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of GAPDH in cells 8 hours after transfection. A histogram 
analyzing the distribution of pixel intensities in representa- 
tive individual cells after preconditioning at different voltages 
shows a large number of pixels at high intensity correspond- 
ing to endogenous levels of GAPDH and significantly smaller 
number of pixels at high intensities corresponding to precon- 
ditioning at 0 V and -1 V (Figure 7b). It is expected that as 
siRNA loading increases, the number of fluorescent pixels 
corresponding to GAPDH expression level will decrease due 
to siRNA induced inhibition. In a random sample of 20 cells 
from each preconditioning voltage, increased GAPDH siRNA 
loading levels in the individual cells caused significantly lower 
expressions of GAPDH (Figure 7c) after preconditioning at 
0 V and -1 V (P < 0.05) using one-way analysis of variance 
(ANOVA). Significant reduction (P< 0.006 with post-hoc Bon- 
ferroni correction for multiple comparisons using Student's 
f-test) in GAPDH expression levels after preconditioning at -1 
V and 0 V was also observed when compared with GAPDH 
expression levels after preconditioning at every other voltage 
(with and without GAPDH siRNA). Cells preconditioned with 
+3 V and transfected with GAPDH siRNA showed no signifi- 
cant difference in GAPDH levels compared with endogenous 
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GAPDH levels in controls (one-way ANOVA, P < 0.01 ). Quan- 
tification of GAPDH expression in 20 randomly picked cells 
from n = 3 independent experiments shows an approximately 
twofold decrease in the mean level of GAPDH expression in 
cells preconditioned at -1 V to be compared with cells pre- 
conditioned at +3 V (Figure 7c). A highly correlative response 
between siRNA loading and functional silencing is also seen 
(P 2 = 0.99). Endogenous expression levels of GAPDH are not 
significantly different (one-way ANOVA, P < 0.01) in control 
experiments where cells were voltage preconditioned with- 
out GAPDH siRNA. For larger sample sizes (-150 cells per 
preconditioning voltage), GAPDH expression was signifi- 
cantly lower (P < 0.01 using one-way ANOVA) in cells pre- 
conditioned at -1 V compared with endogenous GAPDH 
levels corresponding to preconditioning voltages -1, 0, and 
3 V. However, GAPDH expression in cells preconditioned at 
0 V was not significantly different (P < 0.01 using one-way 
ANOVA) compared with endogenous GAPDH levels after 
preconditioning at -1 , 0, and 3 V suggesting higher variability 
and lower level of knockdown in PEI only controls. 

Voltage-dependent functional silencing in primary 
hippocampal neurons 

Using siRNA directed against BDNF, we showed the effects 
of modulated functional silencing on dendrite morphology 
visualized using antibodies for microtubule associated pro- 
tein-2 (MAP-2) (Figure 8). Primary hippocampal neurons 
(DIV4) were treated with BDNF siRNA after precondition- 
ing at -1 V (for high siRNA loading), +3 V (for low siRNA 
loading), and 0 V (PEI only-moderate siRNA loading). Live 
assays showed similar cell densities and level of neurite 
extensions 8 hours after transfection (Figure 8a-e). Major 
changes in morphology of neuronal dendrites and neuro- 
nal cell densities were visualized using MAP-2 antibodies 
24 hours after transfection (Figure 8f-j). A decreased cell 

Figure 7 Analysis of GAPDH expression 8 hours after 
transfection in neuro2a cells treated with GAPDH siRNA. 

(a) Representative images of GAPDH expression in cells 
preconditioned at +3, 0, -1 V and treated with or without GAPDH 
siRNA. Cells were fixed and assessed for GAPDH expression 
using immunocytochemistry with fluorescently tagged antibodies. 

(b) Histograms of pixel intensities in representative individual cells 
after different preconditioning voltages. Filled points represent 
treatment with GAPDH siRNA after different preconditioning 
voltages, while unfilled points represent preconditioning at different 
voltages followed by no GAPDH siRNA. Diamonds (filled and 
open) correspond to -1 V preconditioning, circles (filled and open) 
correspond to 0 V preconditioning, and triangles (filled and open) 
correspond to +3 V preconditioning. Differential voltage-dependent 
siRNA loading in cells allows for modulated expression of GAPDH 
in cells, (c) Fluorescence was quantitatively determined as relative 
fluorescence units (RFUs) in n = 20 individual cells pooled from 
three independent experiments using ImageJ Squares represent 
samples not treated with GAPDH siRNA and diamonds represent 
samples treated with GAPDH siRNA. Statistical significance was 
assessed using one-way analysis of variance (ANOVA) with an a of 
0.05. *Significance was further assessed for multiple comparisons 
between individual preconditioning voltages using a Student's f-test 
with Bonferroni correction, P< 0.006. Linear regression of GAPDH 
expression shows a high degree of correlation between the level 
of preconditioning voltage and level of GAPDH expression. The 
mean GAPDH expression level in cells preconditioned with +3 V 
is over twice as high as the mean GAPDH expression level in cells 
preconditioned with -1 V. 
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Figure 8 Modulated silencing of brain derived neurotrophic factor (BDNF) in primary hippocampal neurons (DIV4). (a-e) Live assays 
of primary neuron cultures were taken 8 hours after BDNF siRNA transfection using the voltage-preconditioning method. After 8 hours, cell 
densities and morphologies were similar between cells (a,b) transfected with negative controls and those (c-e) transfected with BDNF siRNA. 
(f-j) Twenty-four hours after transfection, cells were fixed and evaluated for morphology using immunohistochemistry with MAP-2 antibodies. 
(f,g) Neurite/dendrite morphology in controls showed high degree of secondary and tertiary branching (arrows) and relatively similar cell 
densities. BDNF siRNA transfected cells showed decreased cell densities after preconditioning at -1 V (corresponding to high siRNA loading) 
compared with those of cells preconditioned at 0 and +3 V. (h) Cells preconditioned at +3 V (corresponding to low siRNA loading) and treated 
with BDNF siRNA showed similar cell densities as controls but exhibited loss of neurite branching and complexity compared with controls. 
Scale bars represent 50 urn. (k) Neuron density and percentage of neurons with (I) observable primary and secondary dendrites was 
quantified using ImageJ with MAP-2-stained images (n = 5). 



density is observed in cells preconditioned with -1 V com- 
pared with cells preconditioned with 0 V, +3 V, and those with 
negative controls (Figure 8k). Neurons preconditioned at +3 
V and treated with BDNF siRNA (Figure 8j) were similar in 
cell density compared with negative controls (Figure 8f,g). 
Among neurons in the negative controls (Figure 8f,g), two to 
five primary neurites emanated from the main cell body com- 
pared with typically one neurite extending out from BDNF 
siRNA loaded cells in (Figure 8h-j). Secondary and tertiary 
branching in neurites were prominent in controls (indicated 
by arrows) and nonexistent in BDNF siRNA loaded neurons 
preconditioned cells at +3, 0, and -1 V. 

Discussion 

Controlling delivery and dosage of genetic constructs in cells 
can be labor-intensive and low-yielding process requiring 
accurate positioning of cells within devices typically by micro- 
injection or nanoelectroporation of a small membrane patch. 31 



Alternative high-throughput methodologies that use spotting 
techniques or microfluidic delivery of genetic constructs have 
shown controlled uptake of DNA and genetic constructs but 
they still have to rely on the inherent, natural endocytotic abil- 
ity of the cell to take up the gene construct. 37 ' 3940 This may 
lead to variability in gene expression among individual cells 
as observed in our current study in the case PEI-siRNA con- 
trol transfections with no preconditioning. In this study, we 
demonstrate a unique voltage preconditioning approach in 
combination with a conventional chemical transfection tech- 
nique that can be readily modified and possibly complement 
current high-throughput technologies for difficult-to-transfect 
adherent neuro2a cells and primary neurons. 

The proposed hybrid technique is rapid, consistent, repeat- 
able and scalable to high-throughput applications and takes 
<10 minutes for the entire protocol which can be further 
reduced with automation. The cell viability is virtually unaf- 
fected by the reported technique. In addition, analysis of the 
GAPDH expression levels in voltage-preconditioned cells 
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in control experiments suggests endogenous levels are not 
affected by voltage preconditioning. In comparison with typi- 
cal PEI-based transfection of siRNA, voltage-controlled PEI/ 
siRNA complex delivery showed (i) less variability and (ii) 
rapid assimilation of siRNA in cells with (iii) higher efficiency. 
Control experiments involving transfection with PEI only with- 
out preconditioning yielded high variability in transfection effi- 
ciency (± 24%). PEI-based transfection of siRNA in literature 
is known for notoriously low levels of transfection in difficult-to 
transfect cells like primary neurons as demonstrated in our 
current study without any preconditioning voltage. For primary 
neurons, the observed transfection efficiency using only PEI 
and no preconditioning was significantly lower than the cor- 
responding values for neuro2a cells possibly due to the level 
of differentiation and relative cell size. High levels of siRNA 
loading could be achieved using the voltage-preconditioning 
method for both neuro2a and primary hippocampal neurons 
in culture, suggesting a broader application of the technique 
across multiple neuron-like cell types. Approximately, four- 
times increase in cell loading of siRNA was demonstrated 
using preconditioning at -1 and -0.5 V compared with siRNA 
loading under no preconditioning (0 V) or 2 V preconditioning 
(Figure 6c). In addition, and interestingly, almost complete 
inhibition of PEI mediated transfection was demonstrated for 
voltages outside the -1 to 1 V window. 

The voltage-modulated uptake and loading of siRNA is likely 
due to a combination of mechanisms. Enhanced endocytosis 
of the siRNA is hypothesized to be one of the mechanisms 
because preconditioned cells have highly intense points of 
fluorescence within cells suggesting a localized concentration 
effect typical of the endosomal pathway. In a large fraction of 
the cells, an asymmetric distribution of fluorescent siRNA is 
observed closely packed around the nucleus, with one side of 
the nucleus having a larger amount of siRNA than the others. 
This observation is similar to microtubule associated endo- 
cytosis, which is one of the prominent mechanisms of PEI- 
based transfection. 41 Also, attempts to precondition cells at -1 
V using cold buffer (4 °C) (which is expected to shut down 
endocytosis) showed negligible or low siRNA uptake, suggest- 
ing endocytosis is an essential mechanism for voltage precon- 
ditioning facilitated siRNA uptake (data not shown). At higher 
voltages, preconditioned cells have a lower uptake of siRNA, 
suggesting that the natural endocytotic pathways may be less 
conducive to internalization at higher electric field intensi- 
ties. Enhanced uptake has been observed in cells using the 
electro-endocytosis mechanism in other mammalian cells. 42,43 
Although electro-endocytosis has been shown to enhance 
uptake using long, low voltage pulse trains (upto 10 minutes) 
that are applied during transfection, here, we show control- 
lable, enhanced uptake with the application of three different 
voltage pulses (each within ±3 V) over a duration of <10 ms 
per pulse before the administration of PEI-siRNA complex. For 
pulse durations of 100 ms and for pulse numbers >10, partial 
delamination of cells from the indium tin oxide (ITO) surface 
was observed in some samples. 

Electrochemical characterization of ITO surface with volt- 
age-preconditioned neuro2a cells indicated no significant 
change in the impedance spectra of the ITO surface due to 
preconditioning. This indicates no significant change in the 
cell coverage of the ITO surface and the charge transfer 



properties at the interface. Previous studies have shown tran- 
sient changes in cell surface charges due to the application 
of electric fields. 4445 In our study, cyclic voltammagrams of 
electrodes with cells showed that the electrode-cell surface 
interface had higher charge storage capacitance compared 
with electrodes without any cells (results not shown here). 
The typical range of voltages over which the cyclic voltammo- 
grams were capacitive was -1 .4 to 0.7 V. Beyond this range, 
redox current peaks corresponding to hydrolysis and other 
faradaic reactions were observed. 

A possible explanation for the inhibition of siRNA loading at 
higher voltages could be due to a cell surface charge redis- 
tribution effect that may repel the PEI-siRNA complex in con- 
junction with changes in the protein conformations that may 
inhibit the endocytosis pathway. In addition, the modulation 
of siRNA loading using (i) different voltages and (ii) different 
pulse widths at -1 V suggests that the electroaffinity of the 
PEI/siRNA complex to the cell surface may also play a role. 
The increase in transfection efficiency of neuro2a cells and 
primary neurons preconditioned with slightly negative volt- 
ages could be due to the enhanced electrostatic attraction 
with PEI/siRNA that are known to form nanoparticle com- 
plexes with typical zeta potentials (-50-70 mV). 18 There was 
no uptake of naked siRNA in cells after similar voltage treat- 
ments. The voltage-dependent cell loading therefore could be 
a combination of electrostatic attraction of siRNA complexes 
due to the charge redistribution of a transiently high capaci- 
tive cell layer and an enhanced endocytotic response. 

Electroporation and membrane breakdown is not expected 
as a mechanism of siRNA transfer due to low electric field 
strengths (<30 V/cm). For electroporative gene transfer, a 
minimum of 0.3 kV/cm was found to be necessary for trans- 
fection. 24 COMSOL simulations (results not shown) indicate 
that electric field intensities are at least one to two orders 
below the range typically required for electroporation. In addi- 
tion, experiments involving voltage-preconditioned cells with 
propidium iodide dye, a classic marker to study diffusion due 
to electroporative pore formation, show no cellular uptake at 
-1 V (Supplementary Figure S3). Further experiments are 
needed to better understand the synergistic contributions of 
electrokinetic attraction and the electroendocytotic pathway. 
Nevertheless, it is clear that a manipulation of the cell surface 
using voltage preconditioning is necessary for modulating the 
delivery of PEI-siRNA complexes. 

GAPDH typically has high expression in a cell and is rel- 
evant in the energy metabolism in neurons and neuron-like 
cells, and therefore commonly used as a housekeeping gene 
control in experiments. We saw proportional, partial knock- 
down in GAPDH expression for a given stock concentration 
of siRNA 8 hours after transfection, which is consistent with 
previous reports in literature. 16 Up to twofold changes in 
GAPDH expression levels were demonstrated due to silenc- 
ing. The level of gene silencing is, however, expected to be 
dependent on the level of corresponding endogenous gene 
expression in individual cells at any given time. The functional 
effect is likely to be more dramatic in genes that have lower 
expression levels. The preconditioning protocol presented 
here needs to optimized for individual genes and cell type. 
Changes in primary hippocampal neuronal morphology were 
effectively demonstrated with modulated BDNF knockdown 
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using voltage preconditioning. Modulated BDNF expression 
levels have been implicated in various neurodegenerative 
disease states including Alzheimer's disease. 46 At low levels 
of BDNF siRNA loading (+3 V), cell densities were main- 
tained, but significant changes in dendritic branching were 
seen in comparison with negative controls (Figure 81). Alter- 
nate means of optimizing and controlling siRNA loading can 
be achieved by varying exposure time, point of application, 
and variation in voltage pulse numbers. Modulation of gene 
expression in neurodegenerative diseases plays a key role 
in the manifestation and severity of disease symptoms. For 
instance, different levels of expression of (oc)-synucleingene 
has been shown to determine the degree of severity in Par- 
kinson's disease. 47 Partial gene knockout studies in Alzheim- 
er's disease show alleviation of symptoms, revealing that 
a potential strategy for gene therapy is a dose-dependent 
reduction of a putative gene. 22 48 Expression levels of APOE-4 
gene are also correlated to disease manifestation in non- 
familial Alzheimer's disease. 4950 From a biological perspec- 
tive, dose-dependent gene expression plays a significant 
role in neurodegenerative diseases. So, it can be argued that 
smart, controlled delivery of therapeutics will also be critical 51 
for drug efficacy. Therefore, there is a need to develop a strat- 
egy for controlled delivery of genetic constructs to neurons 
and neuron-like cells and then assess the therapeutic effects 
of modulated gene silencing. The main objective of this paper 
is to demonstrate a novel voltage-preconditioning strategy to 
achieve controlled, modulated delivery of siRNA in an in vitro 
culture to functionally silence relevant genes. 

In conclusion, the voltage-modulated siRNA cell loading 
method could be incorporated into medium and high-through- 
put systems for high-yielding, uniform transfection.This study 
successfully combines the major advantages of electric field- 
assisted gene delivery such as rapid delivery and tenability 
with conventional chemical transfection techniques. 

Materials and methods 

Preparation of cell culture in indium tin oxide wells. ITO sub- 
strates were purchased from Delta Technologies (Madison, 
Wl) with resistances 10-12/sq resistance. Glass wells (1 cm 
diameter) were attached to the substrates with polydimeth- 
ylsiloxane (Sylgard 184; Dow Corning, Midland, Ml) poly- 
mer. Before cell seeding, the ITO-based cell culture wells 
were thoroughly cleaned, and incubated with 1 mol/l sodium 
hydroxide for 1 5 minutes to remove organic residues. Next, the 
wells were thoroughly washed with distilled water six times, 
dried, and autoclaved for sterility. Neuro2a cells were seeded 
at -3,000 cells and grown at 37 °C for 24 hours before trans- 
fection in 10% fetal bovine serum, 1% antibiotics, advanced 
MEM media (catalog#12492-Gibco, Life Technologies, Grand 
Island, NY). Primary hippocampal neurons (E18 mice) were 
purchased from (Brainbits, Lie, Springfield, IL) and seeded 
at 3,000-5,000 cells per well. The cells were allowed to grow 
and differentiate till DIV4 before transfection. 

Voltage-controlled siRNA transfection. For siRNA transfection, 
AF 555 conjugated negative control siRNA (Qiagen, Valencia, 
CA) with target sequence (5'-CAGGGTATCGACGATTACAAA- 
3'(AF555)) and GAPDH siRNA (Qiagen) with sequence 



(5 , -CCGAGCCACATCGCTCAGACA-3 , ) was used. BDNF 
siRNA (#sc-42122; Santa Cruz Biotechnologies, Santa Cruz, 
CA) was used in functional silencing of primary hippocampal 
neurons. Branched polyethylenimine of 25 K was bought from 
Sigma Aldrich (CAS#9002-98-6; St Louis, MO). PEI/siRNA 
nanocomplexes with N/P ratios of 30 were mixed in deionized 
water and incubated for 20-30 minutes at room temperature. 
Typically, 0.5-1 pmol of siRNA was used for a reaction. Cells 
were prepared by washing two times with phosphate-buffered 
saline (PBS) and filled with 300 ul of PBS without calcium 
or magnesium. Using a voltage pulse generator (Pragmatic 
241 4A waveform generator; Tegam, Geneva, OH), cells were 
exposed to square wave pulse trains (n = 1-10) with a 50% 
duty cycle in the range of ±3 V. Pulse widths were varied 
between 1,10, and 100 ms. Optimal pulse trains used bursts 
of n = 3 cycles. Immediately after exposure to various voltages, 
the cells were incubated with preformed complexes of PEI/ 
siRNA for 10 minutes. After the exposure, PBS was aspirated 
and replaced with media. Live assays were performed by 20 
minutes incubation with calcein AM (Anaspec, Fremont, CA). 
DAPI (Invitrogen, Carlsbad, CA) was used for imaging cell 
nuclei in some experiments. Image acquisition was done 4-8 
hours after transfection using appropriate filters and a Leica 
DFC345Fx monochromatic camera (Leica Microsystems, 
Wetzlar, Germany) with advanced fluorescence suite. 

Immunocytochemistry. Fluorescent scrambled siRNA, 
GAPDH siRNA, and BDNF siRNA treated neurons were pre- 
pared for immunocytochemistry 18-24 hours precondition- 
ing. Briefly, cells were fixed washed once in 1X PBS and fixed 
in 4% paraformaldehyde for 15 minutes. After permeation 
with 0.1% Triton X (10 minutes), the fixed cells were incu- 
bated in 1% bovine serum albumin for 30 minutes. The cells 
were rinsed in PBS and incubated with either mouse mono- 
clonal GAPDH antibody (AbCam, Cambridge, UK) diluted 
1 :500 in PBS or mouse monoclonal MAP-2 antibody (Sigma) 
diluted 1 :500 in PBS for 2 hours. After the cells were rinsed in 
PBS (3X), the cells were incubated with fluorescently tagged 
(Alexa-488) secondary antibodies (Invitrogen) diluted 1:1000 
in PBS for 1 hour. Cells were again washed in PBS (2X) and 
visualized using fluorescence microscopy. 

Image analysis. For live assay, percentage transfection was 
calculated in n = 4 images and calculated as the ratio of 
number of cells with siRNA fluorescence (ex555) regardless 
of specific loading intensity and the number of calcein AM 
(ex488)-stained cells. For DAPI-based assays, images were 
acquired using two different filters and superimposed using 
ImageJ (National Institutes of Health, Bethesda, MD). Trans- 
fection efficiencies were calculated in n = 4 images as the 
ratio of number of cells with siRNA fluorescence surround- 
ing a nucleus divided by the number of DAPI-stained nuclei. 
Each DAPI-stained nucleus was counted as one cell. For live 
and DAPI-based assays, the cells were counted and ana- 
lyzed using ImageJ (National Institutes of Health). Statistical 
significance between preconditioning voltages was assessed 
using Student's f-test with P < 0.001 . 

Image acquisition used the same acquisition time and 
settings to accurately capture the fluorescence inten- 
sity changes due to modulated siRNA loading within cells. 
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The raw acquired images were imported to MATLAB and ana- 
lyzed using the image processing toolbox. For whole image 
analysis, the distribution of pixel intensities was determined 
using boxplots and compared with background samples. Ten 
background samples representing areas (approximately 150 
x 150 pixels) in the image with no cells were collected for 
each image and preconditioning voltage. A boxplot of pixel 
intensity distributions corresponding to the background was 
determined. The intensity level on background samples cor- 
responding to the upper whisker on the boxplot (representing 
1 .5 times the difference between the 25% percentile marker 
and the 75% percentile marker) was taken as the threshold 
for positive signal. Therefore, the threshold was defined as: 

T = 03+1.5(03 - 0,) (1) 

where T is threshold value, is the 25% percentile marker 
for all data points, and Q 3 is the 75% percentile marker for all 
data points. Outliers were defined as pixels with intensities 
exceeding the threshold "T" In a boxplot of normally distrib- 
uted pixel intensities, for instance, 99.8% of pixels will have 
intensities lower than the threshold intensity. Similar thresh- 
old markers were used for single cell analyses. Pixels in a 
cell with intensities above the threshold were considered as 
positive signal and pixels below the threshold considered as 
background. To assess the siRNA uptake quantitatively, box- 
plots of signal distribution after background subtraction were 
used to calculate the number of pixels above background. 
To assess the level of siRNA uptake (Figure 5), the propor- 
tion of signal pixels that exceed threshold to total number 
of pixels in individual cells were assessed for n = 20 cells 
for every preconditioning voltage. To assess siRNA loading, 
mean intensity was determined by weighting each intensity 
exceeding threshold by the number of pixels at that inten- 
sity (Figure 6b, c), normalized to the total number of pixels in 
each cell image. Significant differences (Bonferroni corrected 
for multiple comparisons, P < 0.0006) were found using Stu- 
dent's Mest between siRNA loading after preconditioning at 
-1 V compared with siRNA loading after preconditioning at 
any one of the following voltages -3, -2, 0, +1 , +2, and +3 V. 

For immunocytochemistry studies with GAPDH siRNA, 
quantitative values for pixel-based fluorescent intensity val- 
ues were generated using ImageJ. Typical distribution of pixel 
intensities in a cell for each preconditioning voltage is plotted 
in Figure 7b. For Figure 7c, the histograms of pixel inten- 
sities (ranging 0-255) for n = 20 individual cells from three 
independent experiments for each preconditioning voltage 
(-1, 0, and 3 V) was generated using ImageJ. The intensity 
value with the highest number of pixels was determined for 
each cell (n = 20) as representative of its GAPDH expression. 
Statistical significance was assessed using one-way ANOVA 
(a of 0.05). Significance was further assessed for multiple 
comparisons between individual preconditioning voltages 
using a Student's Mest with a Bonferroni correction at P < 
0.006. For all larger image samples, background subtraction 
for each image of cells with threshold criteria as in equation 1 
was used. A pixel with GAPDH signal was a pixel with intensity 
value above the threshold criteria. A product of the median 
intensity of the fluorescent pixels (that are above threshold 
or background) within every cell in the image and the num- 
ber of fluorescent pixels within that cell was calculated. The 



product was subsequently normalized to cell count in n = 3 
independent experiments. Statistical significance in GAPDH 
expression levels was first assessed using one-way ANOVA 
at P < 0.01 . GAPDH expression levels after preconditioning 
at -1 V and GAPDH siRNA treatment was compared with 
endogenous GAPDH levels after preconditioning at all volt- 
ages. Similar comparison for GAPDH expression levels after 
preconditioning at 0 V and GAPDH siRNA treatment. Sub- 
sequently, Student's f-test (P < 0.01) was used to compare 
GAPDH expression levels after preconditioning at -1 V with 
GAPDH expression levels at every other preconditioning volt- 
age. Similar pair-wise Mests were also performed for GAPDH 
expression levels after preconditioning at 0 V. 

Supplementary material 

Figure S1. Representative images of voltage modulated 
transfection of Alexa-555 conjugated negative control siRNA 
(Invitrogen) under different pulse width conditions. 
Figure S2. Intensity distribution in individual cells (n = 20) for 
each voltage application. 

Figure S3. Propidium iodide uptake in voltage-precondi- 
tioned cells. 
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